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The formation of the sensory organs and cells that make up the peripheral nervous system (PNS) relies
on the activity of transcription factors encoded by proneural genes (PNGs). Although PNGs have been
identiﬁed in the nervous systems of both vertebrates and invertebrates, the complexity of their
interactions has complicated efforts to understand their function in the context of their underlying
regulatory networks. To gain insight into the regulatory network of PNG activity in chordates, we
investigated the roles played by PNG homologs in regulating PNS development of the invertebrate
chordate Ciona intestinalis. We discovered that in Ciona, MyT1, Pou4, Atonal, and NeuroD-like are
expressed in a sequential regulatory cascade in the developing epidermal sensory neurons (ESNs) of
the PNS and act downstream of Notch signaling, which negatively regulates these genes and the number
of ESNs along the tail midlines. Transgenic embryos mis-expressing any of these proneural genes in the
epidermis produced ectopic midline ESNs. In transgenic embryos mis-expressing Pou4, and MyT1 to a
lesser extent, numerous ESNs were produced outside of the embryonic midlines. In addition we found
that the microRNA miR-124, which inhibits Notch signaling in ESNs, is activated downstream of all the
proneural factors we tested, suggesting that these genes operate collectively in a regulatory network.
Interestingly, these factors are encoded by the same genes that have recently been demonstrated to
convert ﬁbroblasts into neurons. Our ﬁndings suggest the ascidian PNS can serve as an in vivo model to
study the underlying regulatory mechanisms that enable the conversion of cells into sensory neurons.
& 2013 Elsevier Inc. All rights reserved.Introduction
The nervous system of vertebrates is comprised of the periph-
eral nervous system (PNS) and the central nervous system (CNS).
The brain and spinal cord form the CNS while the PNS is composed
of both sensory and motor neurons. Sensory neurons within the
PNS perform a variety of functions including the detection of light,
sound and odors. The receptors that mediate these functions are
localized in epithelial sensory organs and share early speciﬁcation
mechanisms which include the expression of Sox2 and proneural
bHLH transcription factors and signaling by Notch/Delta
(Bermingham-McDonogh and Reh, 2011). The further specializa-
tion of these sensory epithelia likely depends on the expression of
additional transcriptional regulatory proteins which operate in
their respective gene regulatory networks (GRNs). Mechanosen-
sory cells that have evolved to detect sound and motion in diversell rights reserved.
, San Diego State University,
: +1 619 594 5676.
).metazoan phyla appear to utilize conserved transcriptional reg-
ulators and are likely derived from sensory cells in early metazo-
ans (Fritzsch et al., 2007; Fritzsch et al., 2010; Pierce et al., 2008).
Despite the similarities in the regulatory molecules used to specify
mechanoreceptors, the mechanoreceptive organs, structures and
cells have undergone remarkably diverse morphological modiﬁca-
tions during evolution (Fritzsch et al., 2007). Taken together, these
results support a hypothesis in which the ancestral bilaterian had a
mechanoreceptor gene regulatory network (Fritzsch and Beisel,
2004; Fritzsch et al., 2007, 2010).
In vertebrates, the sensory hair cells of the acoustico-lateralis
system are a particularly well studied system. Hairs cells in the
lateral lines of aquatic invertebrates detect changes in water
pressure (recently reviewed by (Montgomery et al., 2000)), while
those in the inner ear detect both sound and gravity (recently
reviewed by Schwander et al. (2010)). The regulatory molecules
that pattern hair cells are extensively shared with those that
pattern ciliated sensory neurons and include genes that are known
to regulate sensory bristle formation in Drosophila and sensory
neurons in Caenorhabditis elegans (reviewed by Fritzsch et al.
(2000)). In the vertebrate inner ear, Notch–Delta signaling plays
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cells will become supporting cells (Hartman et al., 2010), recently
reviewed by Murata et al. (2012). In the cells that will become hair
cells, the bHLH transcription factor Atoh1 is activated and subse-
quently regulates the expression of several other transcription
factors that are important for hair cell differentiation and survival
(recently reviewed by Mulvaney and Dabdoub (2012)). One of
these Atoh1 targets is the gene Pou4f3, which encodes a Pou-
domain DNA-binding protein important for the development of
sensory neurons (Mu and Klein, 2004; Xiang et al., 1997). In
addition to these transcriptional regulatory proteins, a number of
evolutionarily conserved microRNAs are also expressed in the
inner ear including miR-124, and members of a genomic miR
cluster that is expressed in sensory neurons (Friedman et al., 2009;
Weston et al., 2006) (reviewed by Patel and Hu (2012), Rudnicki
and Avraham (2012), Soukup (2009)).
Like other metazoans, the larvae of ascidians produce sensory
neurons as part of their peripheral nervous system (PNS) (Chen et al.,
2011; Crowther and Whittaker, 1994; Imai and Meinertzhagen, 2007;
Pasini et al., 2006; Takamura, 1998) and although there have been
studies on early aspects of PNS sensory neuron development
(Akanuma et al., 2002; Crowther and Whittaker, 1994; Pasini et al.,
2006), little is known about later aspects of this process. Ascidians,
marine chordate invertebrates commonly known as sea squirts
(Lemaire, 2009; Lemaire et al., 2008; Satoh, 2011), are a powerful
model for investigating the GRNs controlling embryonic develop-
ment (Shi et al., 2005). They are in a unique phylogenetic position in
that they are the most closely related invertebrates to vertebrates
(Delsuc et al., 2006, 2008). Unlike other invertebrate models, ascidian
larvae share unique developmental and embryological characteristics
with vertebrates, such as a notochord ﬂanked by a pair of muscles,
and a dorsal hollow neural tube. However, they retain many of the
beneﬁcial aspects of invertebrate models, such as a small genome, a
simple body plan, and rapid development that can be visualized with
single cell resolution. Finally, the considerable complexity of GRNs in
vertebrates is signiﬁcantly reduced in ascidians because there are few
gene duplication events, i.e., genes that are members of multigene
families in vertebrates are generally represented by a single gene in
ascidians. The recent sequencing of the Ciona intestinalis and Ciona
savignyi genomes (Dehal et al., 2002; Small et al., 2007), has
generated an enormous amount of interest in using ascidians as a
model system for studying chordate development (Shi et al., 2005),
and in particular, for deciphering developmental GRNs (Imai et al.,
2006). Ciona is particularly well-suited for examining gene function
because of a simple high-throughput electroporation-based method
for generating transgenic embryos (Corbo et al., 1997; Zeller et al.,
2006a) coupled with experimental methods for gene knockdowns
via Morpholino injections (reviewed by Stolﬁ and Christiaen, 2012).
The larval ascidian peripheral nervous system (PNS) is composed
of ciliated epidermal sensory neurons (ESNs) that occur in the trunk
and that run along the midlines of the larval tail and are thought to
have a mechanosensory function (Crowther and Whittaker, 1994;
Imai and Meinertzhagen, 2007; Pasini et al., 2006; Takamura, 1998).
The cell lineage of the larval tail ESNs shows that the dorsal and
ventral cells arise from two separate populations of cells in the early
embryo (Pasini et al., 2006). The dorsal tail ESNs are descendants of
three bilateral pairs of cells, called b8.18, b8.20 and b8.21 at the
gastrula stage, which are induced early in embryogenesis by FGF
signaling. Each of these cells undergoes four cell divisions to
produce epidermal cells. In some cases, a 5th cell division produces
a pair of ESNs. In contrast, the ventral tail ESNs are derived from
four pairs of cells that are located along the posterior midline which
require BMP signaling (Pasini et al., 2006) as has been recently
reported for ventral ESNs in amphioxus (Lu et al., 2012). Like their
dorsal counterparts, these cells undergo four cell divisions, with
some cells becoming ESNs. Previous studies have shown thatNotch–Delta signaling plays a role in ESN speciﬁcation (Akanuma
et al., 2002; Chen et al., 2011; Pasini et al., 2006) but exactly which
genes are activated downstream of Notch–Delta patterning to
generate ESNs remains unclear.
Homologs of proneural genes have been identiﬁed in
C. intestinalis as well, including Atonal, Ash, and a NeuroD-like
family member, which belong to the basic helix-loop-helix (bHLH)
family; Pou4, a homeobox transcription factor; and MyT1, a zinc
ﬁnger transcription factor so far found only in chordates (Candiani
et al., 2005; Chen et al., 2011; Imai et al., 2006; Pasini et al., 2006).
Each of these genes has been shown to regulate the development
of sensory neurons through Notch signaling in other organisms,
however, whether they have a similar function in C. intestinalis and
the mechanisms governing their regulation are largely unknown.
In a previous publication (Chen et al., 2011) we showed that the
neuronally-expressed microRNA miR-124 is expressed in PNS
neurons and modulates Notch signaling. As part of these studies,
we also showed that the entire larval epidermis is neurogenic and
can be converted to PNS sensory neurons by ectopically expressing
Ciona Pou4. These cells also begin to express miR-124 and we
showed that this miR is downstream of Pou4. Here we characterize
the expression and function of Ciona orthologues of Atonal,
NeuroD-like and MyT1 and show that they, together with Pou4
and miR-124 form the core components of an ESN gene regulatory
network that operates downstream of Notch–Delta signaling to
produce PNS sensory neurons.Materials and methods
Embryo culturing and electroporation
Adults were collected under permit from various docks in San
Diego County, CA, and maintained in a recirculating sea water
system under constant light to promote gamete production. All
culturing and electroporation procedures on embryos have been
described elsewhere (Zeller et al., 2006a). Brieﬂy, eggs and sperm
from two or more adults were dissected and allowed to cross-
fertilize in ﬁltered seawater, and the resulting embryos were
dechorionated in 0.22 μM-ﬁltered sea water (pH 9.5) containing
0.05% protease and 1% sodium thioglycolate. Dechorionated
embryos were cultured on gelatin-coated petri dishes in
0.22 μM-ﬁltered sea water supplemented with 0.1 mM EDTA and
penicillin/streptomycin (10 U/mL and 10μg/mL, respectively). For
electroporations, 150 μL of dechorionated eggs were mixed with
250 μL of 0.77 M mannitol containing 25–50 μg of plasmid DNA,
transferred to a 4 mm gap cuvette and electroporated at 3000 μF
and 10 Ω, then placed in gelatin-coated petri dishes and cultured
as described above. Each electroporation experiment was per-
formed at least twice. All embryos were grown at 18 1C and
timings reported here are measured post fertilization (Meedel
and Whittaker, 1984).
Generation of transgenes
All transgenes were constructed using the parent vector pSP72
(Promega) containing a SV40 polyadenylation signal sequence, as
described previously (Zeller et al., 2006a). To drive expression in
the epidermis, we used a transgene containing approximately
2.0 kB of the cis-regulatory domain for epiB (Zeller et al., 2006b).
A gene of interest was then cloned into the vector downstream of
the epiB enhancer region, and a codon-optimized cyan ﬂuorescent
protein (CFP) was fused in frame to the C-terminus of the gene of
interest to allow in vivo monitoring of transgene expression. The
gene models (Satou et al., 2008) and the primers used to clone the
genes, are listed in Supplementary Table 1.
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Embryos were ﬁxed and prepared for whole mount in situ
hybridization essentially as previously described (Satou et al.,
2001). Samples were then mounted on slides in 50% glycerol,
and were counterstained with 300 nM DAPI.
Immunohistochemistry
Transgenic larvae were ﬁxed for immunohistochemistry in 2%
paraformaldehyde in seawater and washed three times in 1 PBS
containing 0.1% Tween 80 (PBT). Larvae were then permeabilized
in −20 1C methanol, washed three times in PBT, 10 min washes,Fig. 1. Temporal expression patterns of proneural genes in C. intestinalis. Wild type e
MyT1 ((G)–(I)), NeuroD-like ((J)–(L)) and Pou4 ((M)–(O)) in early tailbud (10 hpf), mid-tai
indicate weak but detectable ESN expression. NeuroD-like embryos in (J) and (K) have
embryos. White lines demarcate boundaries between different focal planes. All embryoand blocked with PBT containing 1% donkey or goat serum for
10 min. Samples were incubated in mouse anti-acetylated tubulin
antibody (Sigma) and rabbit anti-GFP antibody (Invitrogen) used
at 1:1000 in 1% serum/PBT for 1 h. Next, the larvae were washed
three times in PBT, 10 min washes, blocked for 10 min, and
incubated for one hour with a secondary antibody (Alexa Fluor
488 goat anti-mouse IgG or Alexa Fluor 546 donkey anti-rabbit
IgG, Invitrogen). Larvae were washed three times in PBT and
mounted on slides in 50% glycerol containing 300 nM DAPI. For
transient transgenic embryos being processed for in situ hybridi-
zation, rabbit anti-GFP antibody was added during the anti-DIG
antibody incubation step to detect construct expression (1:1000).
After alkaline phosphatase staining, embryos were washed threembryos probed for homologs of the proneural genes Atonal ((A)–(C)), Ash ((D)–(F)),
lbud (12 hpf) and late tailbud (14 hpf) stages. Arrowheads in early tailbud embryos
been cleared with benzyl benzoate to show expression; this process shrinks the
s imaged at the same magniﬁcation, scale bar is 50 μM.
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with secondary antibodies overnight. Embryos were washed three
times in PBT and stored in 50% glycerol containing 300 nM DAPI.
Embryos stained for NeuroD-like were cleared in a 2:1 ratio of
benzyl benzoate:benzyl alcohol (BABB, (Satou et al., 2001)).
Imaging and statistical analysis
All imaging was performed on a Zeiss AxioPlan 2e ﬂuorescent
microscope equipped with both an AxioCam HrM monochromatic
camera and an AxioCam ICc1 color camera. Fluorescent images
were obtained at multiple depths of ﬁeld, and processed in
Photoshop (Adobe) to create overlay images. If necessary, back-
ground ﬂuorescence due to auto-ﬂuorescence was reduced, and in
some cases, maximum intensity projections were used to generate
overlay images. All in situ results were analyzed for statistical
signiﬁcance by performing Student's t-test (po0.05). All data are
presented as mean7SEM.Results
Atonal, Ash, MyT1, NeuroD-like, and Pou4 are expressed in midline
epidermis and presumptive ESNs
To determine whether the ascidian homologs of the conserved
proneural genes (PNGs) are expressed in epidermal sensory neural
precursors during development, we generated a gene expression
proﬁle for Atonal, Ash, MyT1, NeuroD-like, and Pou4 in wildtype
embryos at early tailbud (10 hpf), mid-tailbud (12 hpf) and late
tailbud (14 hpf) stages using whole mount in situ hybridization
(ISH). In all of the following experiments, we grew embryos at a
constant 18 1C (Meedel and Whittaker, 1984) and report times as
hours post-fertilization. NeuroD-like was previously annotated as
the transcription factor Net (Satou et al., 2003). Blast-P analysis
shows that this gene groups with Atonal-8 proteins (data not
shown) but a closer analysis of residues in the putative DNA
binding domain suggest it is a NeuroD orthologue (Hassan and
Bellen, 2000). Because we are not able to conﬁdently assign an
orthology, in this paper we refer to this gene as NeuroD-like.
In order to positively identify expression patterns correspondingFig. 2. Altered Notch signaling affects some neural, midline and proneural markers.
form of CSL (EpiB::dnSu(H)–CFP; (A)–(C)) neural markers such as Delta2 and ETR exp
signaling was activated in the epidermis by expression of Delta2 (EpiB::Delta2-CFP; (D
anterior, ventral midline. When Notch signaling was blocked, expression of Atonal (F)
Conversly, activating Notch signaling reduced expression of Atonal (K), MyT1 (M) NeuroD
manipulating Notch signaling at this timepoint (G) and (L). Arrowheads indicate weakto staining of the ESN precursor cells, we ﬁrst established the early
to late tailbud expression pattern of known gene markers for
presumptive ESNs (Delta2), differentiated neurons of both the
central and peripheral nervous system (ELAV-type RNA-binding
protein, ETR), medial epidermal midline cells (Krueppel-like factor,
KLF1/2/4) (Imai et al., 2004; Pasini et al., 2006; Satou et al.,
2001) and miR-124 (Chen et al., 2011) (Fig. S1). Fig. 1 shows the
expression proﬁle for each PNG examined. Our results for Ash and
Pou4 (Fig. 1D–F and M–O) were in agreement with previously
published reports (Candiani et al., 2005; Pasini et al., 2006). Like
KLF1/2/4, Ash was expressed throughout the dorsal and ventral
midline epidermis in early tailbud embryos, but unlike KLF1/2/4,
Ash expression disappeared by the mid-tailbud stage. MyT1 and
Pou4 were expressed in nearly all presumptive ESNs at the early
tailbud stage, and in all presumptive ESNs in subsequent tailbud
stages (Fig. 1G–I and M–O). For Atonalwe observed ESN expression
in mid and late tailbud stage, but expression was inconsistent in
early tailbud embryos (Fig. 1A–C). NeuroD-like is expressed at very
low levels in tailbud stage embryos and required clearing in benzyl
benzoate/benzyl alcohol (Satou et al., 2001) to visualize the weak
staining (Fig. 1J and K). The expression proﬁles for these PNGs
therefore suggest a temporal pattern whereby Ash is expressed
early along the midline, followed by ESN expression of MyT1 and
Pou4, and then Atonal and NeuroD-like.Atonal, MyT1, NeuroD-like, and Pou4 are regulated
by Notch signaling
Based on previous observations that Notch signaling negatively
regulates the number of ESNs that develop in ascidians (Akanuma
et al., 2002; Chen et al., 2011; Pasini et al., 2006), we next
investigated whether these PNGs involved in ESN development
are regulated by Notch signaling. To do this, we mis-expressed
either (1) a dominant negative form of Ciona Su(H) to block Notch
signaling (Chen et al., 2011), or (2) the Notch ligand Delta2 to
activate Notch signaling (Pasini et al., 2006), in developing
embryos using the EpiB epidermis-speciﬁc transgene construct
(Chen et al., 2011; Zeller et al., 2006b). Electroporating embryos
with EpiB::dnSu(H)–CFP resulted in a signiﬁcant increase in the
number of midline cells expressing the ESN markers Delta2 andWhen Notch signaling was blocked by epidermal expression of a dominant-negative
anded along the midlines, but the midline marker KLF1/2/4 did not. When Notch
) and (E)) PNS ETR expression was lost and KLF1/2/4 was not expressed along the
, MyT1 (H), NeuroD-like (I) and Pou4 (J) expanded along the embryonic midline.
-like (N) and Pou4 (O) along embryonic midlines. Ash expression was not altered by
expression. All embryos imaged at the same magniﬁcation, scale bar is 50 μM.
Fig. 3. Modulating Notch signaling quantitatively alters gene expression pat-
terns in midline cells. Midline cells expressing the indicated genes were counted
in wild type embryos, in embryos with activated Notch signaling, or in embryos
with blocked Notch signaling. Blocking Notch signaling (EpiB::dnSu(H)–CFP)
expands midline ESN cells while activating Notch signaling (EpiB::Delta2-CFP)
has the opposite effect. *¼po0.01; **¼po0.001; ***¼po1 e−6, Students t-test.
Error bars indicate 7SEM.
Fig. 4. Epidermal mis-expression of proneural genes alters overall gene expression p
other genes as well as for the expression of miR-124. Tailbud embryos misexpressed My
NeuroD-like ((D), (H), (L) and (P)) in the epidermis. The microRNA miR-124 was ectopica
suggests a hierarchy of activity with MyT14Pou44Atonal4NeuroD-like. White lines de
gene expression. All embryos imaged at the same magniﬁcation, scale bar is 50 μM.
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with EpiB::Delta2-CFP resulted in a signiﬁcant decrease in the
number of midline cells expressing ETR (Fig. 2A, B and D, Fig. 3).
Embryos expressing dnSu(H) often have a shorter, stubbier tail
compared to wild type embryos while those expressing Delta2 are
elongated with a straitened tail (Fig. 2). Expression of the midline
marker KLF1/2/4 remained unchanged when Notch signaling was
blocked; however, ventral midline expression of KLF1/2/4 was lost
when Notch was constitutively activated (Fig. 2C and E, Fig. 3). ESN
cilia are not visible in wildtype embryos at the tailbud stage, so to
conﬁrm our in situ ﬁndings, we performed immunostaining for
ESNs on embryos misexpressing EpiB::dnSu(H)–CFP at 18 hpf, the
time point at which wild type larva hatch and ESNs have formed
cilia. In agreement with previous reports (Chen et al., 2011; Pasini
et al., 2006), the resulting tadpoles exhibited an increase in the
number of midline ESNs (Fig. S2). Conversely, tadpoles generated
from embryos electroporated with EpiB:Delta2-CFP exhibited
fewer ESNs along the midlines (Fig. S2). Thus, our immunostaining
results are consistent with our in situ results showing a gain or loss
of ESNs upon disruption or activation of midline Notch signaling,
respectively.atterns. Embryos misexpressing proneural genes were probed for expression of the
T1 ((A), (E), (I) and (M)), Pou4 ((B), (F), (J) and (N)), Atonal ((C), (G), (K) and (O)), or
lly expressed in all conditions ((M)–(P)). Analysis of transcription factor expression
marcate boundaries between different focal planes. Arrowheads demarcate weaker
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tailbud embryos electroporated with EpiB::dnSu(H)–CFP revealed
a signiﬁcant increase in the number of midline cells expressing
Atonal, MyT1, NeuroD-like, and Pou4 (Fig. 2F–J, Fig. 3), but no
change in Ash expression (Fig. 2G). Conversely, constitutive activa-
tion of Notch signaling during development resulted in mid-
tailbud embryos with a signiﬁcant reduction in the number of
midline cells expressing Atonal, MyT1, NeuroD-like, and Pou4
(Fig. 2K–O, Fig. 3), while Ash expression again remained
unchanged from wild type (Fig. 2L). Based on these results, we
concluded that Ash is expressed upstream of the Notch signaling
pathway, whereas Atonal, MyT1, NeuroD-like, and Pou4 act down-
stream of the Notch signal.
Epistatic interactions between proneural genes along Ciona midlines
To determine the precise order in which the downstream
transcription factors are expressed during ESN development, we
mis-expressed Atonal, MyT1, NeuroD-like, or Pou4 in the epidermis
of C. intestinalis embryos using the EpiB transgene and probed the
resulting embryos at the mid-tailbud stage for the expression of
the remaining genes. Representative in situ hybridization results
are shown in Fig. 4, and a quantitative analysis is shown in Fig. 5.
We should note that because we were concerned with assaying
PNS gene expression along the embryonic midlines, we examined
embryos that had lower levels of transcription factor expression.
Embryos that expressed high levels of transcription factors had
phenotypes that made identifying the midline cells impossible. We
observed that mis-expression of Atonal produced a “stubby tail”
phenotype (Fig. 4C, G, K and O). High levels of Pou4 expressionFig. 5. Quantitative analysis of altered midline gene expression in transgenic emb
expressing the indicated genes were counted and compared to wild type embryos. MyT
MyT1. Atonal causes expression of all genes except MyT1 and Pou4 NeuroD-like only ca
number of midline cells positive for proneural gene expression in 12 hpf embryos mis-ex
Error bars indicate 7SEM. Statistical signiﬁcance is indicated by * (*¼po0.01; ***¼poalso caused severe phenotypes as we have previously shown
(Chen et al., 2011), and can be seen in Fig. 6J and N. Ectopic
expression of MyT1 in the epidermis of developing embryos
caused a signiﬁcant increase in the number of midline cells
expressing Atonal, NeuroD-like, and Pou4 (Fig. 4A, E and I,
Fig. 5A). Ectopically expressing Pou4 induced an expansion of
Atonal and NeuroD-like along the midlines and moderate ectopic
expression outside the midline region, but no change in MyT1 was
detected (Fig. 4B, F, and J, Fig. 5B). Embryos mis-expressing Atonal
in the epidermis showed increased expression of NeuroD-like
along the midlines, but no changes in MyT1 or Pou4 expression
(Fig. 4C, G and K, Fig. 5C). Finally, overexpressing NeuroD-like in
the epidermis of embryos caused no change in the expression
patterns of MyT1, Pou4, or Atonal (Fig. 4D, H and L, Fig. 5D). Taken
together, these data suggest that the order of transcription factor
activity regulating ESN development begins with MyT1, followed
by Pou4, then Atonal, and lastly NeuroD-like. We did not detect
changes in Ash expression for any of the mis-expression experi-
ments (data not shown), suggesting that Ash is not regulated by
these transcription factors.
In a previous study we identiﬁed a regulatory feedback interaction
between Notch signaling and the neuronal microRNA miR-124 (Chen
et al., 2011). miR-124 lies downstream of Notch signaling and is
suppressed by Notch in non-ESN epidermal midline cells, but can
inhibit Notch signaling in ESN midline cells. Since both miR-124 and
PNGs are expressed in ESNs and lie downstream of Notch signaling,
we sought to determine if miR-124 is downstream of any of the PNGs.
To do this, we mis-expressed each of our PNGs in the epidermis and
probed for miR-124 expression. Extensive ectopic miR-124 expression
was detected in all mis-expressed embryos (Fig. 4M–P, Fig. 5),ryos expressing proneural genes. For each transgenic embryo the midline cells
1 causes ectopic expression of all genes. Pou4 causes expression of all genes except
uses ectopic expression of miR-124 and the ESN markers Delta2 and ETR. Average
pressingMyT1 (A), Pou4 (B), Atonal (C), or NeuroD-like (D), as compared to wild type.
1 e−4, Students t-test).
Fig. 6. Proneural gene mis-expression causes an expansion of ESNs. Mis-expressing Pou4 in the epidermis can induce expanded ESN formation both within and outside
the midline region. Both Delta2 ((A)–(D)) and ETR ((E)–(H)) expression along the midlines increases in 12 hpf embryos. Ectopic ESN cilia (green) ((I)–(L)) are produced within
and outside of embryonic midlines in 18 hpf tadpoles mis-expressing MyT1 (I) or Pou4 (J), but only in the midlines of tadpoles mis-expressing Atonal (K) or NeuroD-like (L).
Magniﬁed images of ((I)–(L)) are shown in ((M)–(P)). Arrowheads indicate sensory neurons along the midlines, arrows indicate sensory neurons in the medio-lateral and
lateral regions. Immunostaining for cilia (acetylated-tubulin) is in green, the epidermal reporter is in red, and nuclei stained by DAPI are in blue. White lines demarcate
boundaries between different focal planes. Embryos in (A)–(L) are imaged at the same magniﬁcation, scale bar is 50 μM. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)
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Consistent with PNG regulation of miR-124, in a previous report we
discovered that the regulatory region of the miR-124 host gene
contains many putative bHLH E-box binding sites and has an
abundance of Pou4 binding sites (Chen et al., 2011). It is possible
that some of these transcription factors, such as Pou4, may directly
activate miR-124. However, because top-level transcription factors
activate miR-124 expression, as well as expression of the downstream
factors, it is difﬁcult to know exactly which factors directly activate
miR-124.
Effects of ectopic PNG expression on ESN development
To detect the effects of ectopic PNG expression on ESN develop-
ment, embryos misexpressing each transcription factor in the epi-
dermis using the EpiB promoter were probed for the expression of
ETR and Delta2 at 12 hpf. In addition, electroporated embryos were
also ﬁxed at 18 hpf and immunostained for cilia to identify any
changes in ESN development resulting from transcription factor mis-
expression. Results are shown in Fig. 6. Delta2 expression increased
signiﬁcantly mainly along the midlines for all mis-expression
embryos (Fig. 6A–D). ETR expressionwas signiﬁcantly expanded bothalong the midlines and in the medio-lateral and lateral tail domains
in mid-tailbud embryos mis-expressing MyT1 and Pou4, whereas
embryos mis-expressing Atonal and NeuroD-like induced ectopic ETR
expression primarily along the midlines (Fig. 6E–H). When embryos
electroporated with either the EpiB::MyT1-CFP or EpiB::Pou4-CFP
mis-expression constructs were allowed to develop until 18 hpf,
immunostaining revealed ectopic ciliated neural cells throughout
the epidermis, although the extent of epidermis-to-neural cell
conversion appeared more extreme in tadpoles resulting from
EpiB::Pou4-CFP electroporations (Fig. 6I and M, J and N). Embryos
misexpressing MyT1 in the epidermis developed into larvae with
relatively normal length tails that often were either kinked or tightly
spiraled. Cilia immunostaining in tadpoles electroporated with either
EpiB::Atonal-CFP or EpiB::NeuroD-like-CFP revealed ectopic neural
cells mainly along the midlines, and kinked or twisted tails of normal
length (Fig. 6K and O, L and P).Discussion
Numerous studies have shown that proneural transcription
factors form a critical part of a complex gene regulatory network
W. Joyce Tang et al. / Developmental Biology 378 (2013) 183–193190mediating neural development in many species and are highly
conserved amongst diverse organisms. The goal of this study was
to identify and characterize the proneural transcription factors
regulating PNS development after these sensory cells have been
speciﬁed by Notch–Delta signaling. Wild type gene expression
proﬁles showed that ascidian homologs of the proneural tran-
scription factors Atonal,MyT1, NeuroD-like, and Pou4 are expressed
in presumptive ESNs once these cells have been speciﬁed by
Notch–Delta. Although not re-examined here, the Ciona SoxB1
gene is expressed broadly throughout the epidermis (Ciona gen-
ome website: http://ghost.zool.kyoto-u.ac.jp/cgi-bin/gb2/gbrowse/
kh/) prior to Ash, KLF1/2/4 and Notch–Delta signaling. Ciona Sox
B1 is the orthologue of the vertebrate Sox 1, 2 and 3 genes that are
important for neural development (Guth and Wegner, 2008; Imai
et al., 2009; Kiefer, 2007). This pattern of SoxB1, Notch–Delta and
proneural gene expression in Ciona is analogous to that observed
in various sensory epithelia in vertebrates (Bermingham-
McDonogh and Reh, 2011) and suggests that ascidian ESNs employ
similar speciﬁcation mechanisms. When ectopically expressed
throughout the epidermis, each of the four ESN transcription
factors we tested in this study, MyT1, Pou4, Atonal and NeuroD-
like, are capable of producing ectopic ESN sensory neurons in the
embryonic midlines. Thus the larval epidermal midline territory in
ascidians appears to act as a sensory epithelium in which evolu-
tionarily conserved gene regulatory mechanisms pattern sensory
and non-sensory cells.
As has been reported previously (Akanuma et al., 2002; Chen
et al., 2011; Pasini et al., 2006) activating or blocking Notch–Delta
signaling in the larval epidermis reduces or expands the number of
midline ESNs, respectively. Here we show that the expression of
each of the four ESN transcription factors we tested are altered in a
similar manner when Notch signaling was modulated in trans-
genic embryos. The expression of MyT1 soon after Delta2 is
expressed in presumptive ESNs of early tailbud embryos suggests
that this transcription factor is an immediate or early response
gene that may, individually or cooperatively with other genes,
activate the neural differentiation program. Thus far, homologs of
MyT1 have been found solely in vertebrates, and relatively few
studies have been published reporting its role in neurogenesis. In
Xenopus, MyT1 is induced by Neurogenin during primary neuro-
genesis at nearly the same time as X-Delta-1; and was shown to
interact with other bHLH transcription factors to both promote
neuronal differentiation and reduce sensitivity to Notch-mediated
lateral inhibition (Bellefroid et al., 1996; Perron et al., 1999; Quan
et al., 2004). The results of our examination of MyT1 hint at a
similar function in C. intestinalis. Ectopic expression of MyT1 in the
developing ectoderm induced the formation of ectopic neurons, as
shown by immunohistochemistry and in situ hybridization, in both
the neurogenic midlines and the non-neural presumptive epider-
mis, indicating that its early expression in embryos may both
promote the neural differentiation program and confer insensitiv-
ity to Notch signaling.
Similar to MyT1, ectopic expression of Pou4 led to the conver-
sion of presumptive epidermis cells into neural cells, as we have
previously demonstrated (Chen et al., 2011). In addition, Pou4 was
expressed relatively early in presumptive ESNs of wildtype
embryos, acting downstream of MyT1 but upstream of Atonal
and NeuroD-like. In both vertebrates and invertebrates, extensive
studies have shown that homologs of the Pou4 family are highly
conserved and play a critical role in sensory neural development.
For example, overexpressing the different members of the verte-
brate Pou4 family promotes the differentiation of retinoblasts into
retinal ganglion cells in vivo in chick (Liu et al., 2000) and mice
(Erkman et al., 1996; Gan et al., 1996), and appears to promote the
survival of hair cells of the mouse inner ear (McEvilly et al., 1996;
Wang et al., 2002; Xiang et al., 2003). The Pou4 ortholog in C.elegans, unc-86, is required for the proper development of
mechanosensory neurons (Finney and Ruvkun, 1990). Acj6, the
orthologue in Drosophila, is responsible for proper olfactory
receptor function and targeting of synaptic connections in the
visual system (Certel et al., 2000). Interestingly, when we mis-
expressed Pou4 in the epidermis during development, the result-
ing hyper-ciliated phenotype was much more severe than that
induced by ectopic MyT1 expression. Because our experiments
showed thatMyT1 acts upstream of Pou4 but was less capable than
Pou4 of inducing extensive epidermis-to-ESN conversion, it is
possible that MyT1 needs to function with other as yet unidenti-
ﬁed regulatory proteins to activate Pou4. Alternatively, it is
possible that inhibitory mechanisms outside the midlines, as
discussed below, prevent ectopic ESN formation. Targets of this
transcriptional repression would likely include key regulatory
genes that generate ESNs. Ectopic expression of Pou4, but not
MyT1, can bypass this restriction by directly activating these ESN
target when ectopically expressed. In either scenario, our experi-
ments suggest that Pou4 is a key molecule required to generate
ESNs in ascidians.
Overexpressing either Atonal or NeuroD-like in the epidermis
induced supernumerary ciliated neurons primarily along the dorsal
and ventral midlines, and not in the medio-lateral and lateral
domains like MyT1 and Pou4. Interestingly, overexpression of Atonal
or NeuroD in other organisms does not show regional restriction of
ectopic neuronal development. For example, in Drosophila, Atonal
mis-expression induces the formation of ectopic olfactory sensilla
(Goulding et al., 2000; zur Lage et al., 2003) and gain-of-function
mutations induce a mixture of sensory bristles (Lai, 2003; Villa-
Cuesta et al., 2003), outside the normal expression domain. NeuroD
can induce ectoderm-to-neuron conversion when misexpressed in
Xenopus (Lee et al., 1995) and induces neuronal differentiation of the
mammalian embryonic cell line P19 (Farah et al., 2000). Although our
data indicate that Atonal and NeuroD-like are involved in ESN
development in C. intestinalis, neither is sufﬁcient by themself to
induce neural differentiation outside the midlines like Pou4. This
suggests that other unidentiﬁed regulatory genes may play a role in
ESN speciﬁcation. In this scenario, ectopic epidermal expression of
Pou4 can produce ESNs because it activates Atonal and NeuroD-like
in addition to any other unknown regulatory genes; neither Atonal
nor NeuroD-like can activate these factors.
There are at least two inhibitory mechanisms that may be
postulated for the inability of the non-midline epidermis to
normally produce ESNs. In the ﬁrst case, Notch effector genes
such as members of the Hes transcriptional repressor family may
be expressed in the medio-lateral and lateral domains thus
preventing ESN formation even if Notch signaling is modulated.
In C. intestinalis, three Hes genes have been identiﬁed in the
genome, each of which has a different spatial expression pattern
(Imai et al., 2004; Pasini et al., 2006). Hes-a is expressed in the
muscles of the tail, Hes-b is exclusively expressed outside the
epidermis midlines, and Hes-c may be expressed throughout the
embryo, although current in situ data for Hes-c is unclear. In the
second case, ESN speciﬁcation outside of the midlines may be
prevented by the expression of a transcriptional repressor unre-
lated to the Hes genes. One intriguing possibility in ascidians is the
SoxB2 gene, which is expressed throughout the epidermis except
for the midlines (Imai et al., 2006). The SoxB2 genes include Sox14
and Sox21 in vertebrates that have been shown to be transcrip-
tional repressors (Sandberg et al., 2005; Uchikawa et al., 1999;
Wegner, 2010). Little functional data exist for the role of SoxB2 in
ascidians, however, this gene is ectopically expressed in the dorsal
midline cells, in msxB knock-down embryos (Imai et al., 2006).
Intriguingly, SoxB2 is a target of miR-124 in Ciona (Chen et al.,
2011) suggesting that it must be silenced to allow PNS
speciﬁcation.
Fig. 7. Proposed post-Notch regulatory network for peripheral nervous system
development in C. intestinalis. A proneural regulatory cascade of gene activity
mediated by Notch signaling drives ESN formation in neurogenic midline cells. In
wild-type embryos, medio-lateral cells are not able to produce ESNs due to an
unknown mechanism. Repression of ESNs in the medio-lateral region can be
overridden by ectopic epidermal expression of Pou4.
W. Joyce Tang et al. / Developmental Biology 378 (2013) 183–193 191Consistent with this idea, our results show that Pou4, and to a
lesser extent MyT1, can convert presumptive medio-lateral and
lateral epidermis into ESNs suggesting that these factors may be
able to bypass inhibitory machinery acting outside the midlines.
Our data suggest a model (Fig. 7) in which the sequential
activation of MyT1, Pou4, Atonal, and NeuroD-like induces neuron
formation along the midlines; and an as yet unidentiﬁed mechan-
ism prevents ESN formation in the medio-lateral and lateral
regions. If ectopically expressed, Pou4, and to a lesser extent
MyT1, are able to bypass this inhibitory mechanism outside the
midlines to induce neuronal differentiation.
The experimental results we report here are limited by several
technical issues. For genes such as NeuroD-like, expression in the
PNS of wild type embryos is very weak and BABB clearing is
required to more easily detect expression (see Fig. 1J and K).
Interestingly, NeuroD-like expression is much easier to detect in
embryos ectopically expressing MyT1, Pou4 and Atonal (Fig. 4I–K)
supporting our hypothesis that NeuroD-like is functionally down-
stream of these genes. Ideally we would like to be able to image
gene expression together with the appearance of PNS cilia in later
embryos. In our experience, in situ hybridization on embryos older
than about 15 hpf leads to a non-speciﬁc accumulation of the
probe in the test material that is being secreted by epidermal cells
which masks gene expression patterns; the most ideal time to
image both the cilia and the gene expression patterns would be
between 18 hpf and 22 hpf. We have also tried to employ ﬂuor-
escent in situ hybridization protocols that have been reported to
work in ascidians (Sardet et al., 2003), but found that the
ﬂuorescent signal is weaker than that produced by the standard
NBT/BCIP reaction. We could have measured altered gene expres-
sion by quantitative reverse transcriptase PCR, however we would
then lose our spatial expression information and we would not be
able to accurately determine gene expression along the larval
midlines. We believe that repeating these experiments using
transgene reporters would provide the best opportunity to under-
stand the function of these PNS transcription factors with the
necessary temporal and spatial resolution. We have generated a
PNS-speciﬁc reporter gene (Chen et al., 2011), and have identiﬁed
cis-regulatory elements for Ash, Pou4 and Atonal that drive GFP
expression in PNS neurons (R. Zeller and V. Hurless, unpublished)
and are currently cloning cis-regulatory regions for both MyT1 and
NeuroD-like. By repeating these experiments with these trans-
genes we can more easily conﬁrm that these genes are all co-
expressed in same cells in wild type embryos as well as in embryosthat ectopically express the PNS transcription factors. Lastly, we
will be able to visualize PNS gene expression together with PNS
cilia in 18–22 h larvae.
Our studies here come into particular importance in light of
recent ﬁndings showing that various cocktails of Pou, Ash, MyT1
(the “BAM” factors), miR-124, and NeuroD can convert ﬁbroblasts
into differentiated neurons (Ambasudhan et al., 2011; Pang et al.,
2011; Pﬁsterer et al., 2011; Vierbuchen et al., 2010; Yoo et al.,
2011). This combination of factors are normally expressed together
in the ascidian PNS neurons and thus this cell type may make an
excellent model in which to investigate how these genes work
together to specify neuronal cell types. Since these human genes
are all conserved in the nervous system of ascidians, it is likely that
their gene regulatory networks are likewise conserved. Thus, our
elucidation of the post-Notch GRN governing PNS development in
ascidians may provide evolutionary insights into the mechanisms
by which vertebrate cells can be reprogrammed into neurons.Acknowledgements
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